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In this paper, we demonstrate for the first time the formation of radical anionic peptides [M 
2H]· through a one-electron transfer mechanism upon low-energy collision-induced dissoci-
ation (CID) of gas-phase singly charged [MnIII(salen)(M  2H)]· complex ions [where salen
is N,N=-ethylenebis(salicylideneiminato) and M is an angiotensin III derivative]. The types of
fragment ions formed from [M  2H]· share some similarities with those from the cationic
radical peptides M· and [M  H]·2, but differ significantly from those of the corresponding
deprotonated peptides [M  H]. Fragmentation of [M  2H]· radical anionic angiotensin III
derivatives leads preferentially to product ions of side-chain cleavage of amino acid residues,
z-type and minor x-type fragment ions, most of which are types rarely observed in low-energy
CID spectra of deprotonated analogs. The degree of competitive dissociation of the complexes
is highly dependent on the nature of the substituted salen derivatives. The yields of anionic
peptide radicals were enhanced to the greatest extent when electron withdrawing groups were
positioned at the 5 and 5= positions, but the effect was rather modest when such groups resided
at the 3 and 3= positions. Substituting a cyclohexyl unit of a salen with phenyl or naphthyl
moieties at the 8 and 8= positions also facilitated electron-transfer pathways. (J Am Soc Mass
Spectrom 2006, 17, 1249–1257) © 2006 American Society for Mass SpectrometryLibrary searches of the electron impact ionization(EI) mass spectra of small organic radical cationsrecorded at 70 eV are often performed to identify
and quantify unknown compounds because of the
reproducibility and structure-specific nature of the dis-
sociation products in EI spectra. EI has been used, only
sparingly, however, for the characterization of peptides
because of their low volatility; indeed, only a few EI
spectra of peptides have been reported [1, 2]. The use of
laser desorption and multiphoton ionization circum-
vents the issue of the nonvolatility of peptides [3–5], but
it is applicable only to peptides that contain aromatic
chromophore units. In this process, neutral peptides are
transferred into the gas phase through laser desorption
and then ionized through two-photon UV ionization of
their aromatic chromophore units. More recently,
Beauchamp et al. demonstrated another novel method
for generating radical cationic peptides: dissociating
N-derivatized peptides possessing a conjugated free
radical initiator positioned at their N-terminus [6]. The
capture of low-energy electrons, which results in elec-
tron capture dissociation (ECD), is an alternative
method [7–11] for converting a multiply protonated
peptide into a protonated peptide radical cation, [M 
nH]·(n1). In contrast to protonated peptides that frag-
ment predominantly through cleavage of a peptide
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doi:10.1016/j.jasms.2006.05.008bond to form y and b ions, the dissociation of proton-
ated peptide radical cations requires cleavages of
NOC bonds to form predominantly c and z product
ions [7–12]. Fragmentation of peptide radical cations
also provides an analytical means for de novo sequenc-
ing, especially for locating post-translational modifica-
tions, improves the sequence coverage relative to that
attainable from protonated species, and allows the
differentiation of isomeric leucine and isoleucine resi-
dues in oligopeptides [7–11].
Despite some recent advances in the preparation of
peptide radical cations, their reactivity and fragmenta-
tion mechanisms remain poorly understood. The non-
ergodic dissociation mechanism (i.e., without intramo-
lecular vibrational redistribution before unimolecular
fragmentation) postulated for relatively large biomol-
ecules remains under investigation and debate [10,
12–15], even though the findings are of fundamental
importance to biological tandem mass spectrometry
[16]. Comprehensive studies of radical peptide systems
have been hindered by difficulties in generating them
and the need for special instrumentation. Although
initially this approach was feasible only when employ-
ing Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometers, a similar technique, which relies on
electron transfer, was demonstrated recently using
commercial ion trap instruments [17, 18] and has at-
tracted considerable interest. To the best of our knowl-
edge, only a few reports have been published so far
describing studies of the fragmentation of odd-electron
peptide radical anions, which have been generated
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a target gas and electron transfer within an accelerator
mass spectrometer [19] and electron capture dissocia-
tion in an FT-ICR mass spectrometer [20].
Recent reports on the generation of cationic radical
peptides (i.e., M· and [MH]·2 species) have focused
on the CID of copper(II) (or trivalent) metal complexes
containing an auxiliary ligand and a peptide. Our
attempts at the gas-phase dissociation of copper(II)
complex peptide complexes when using quadrupole
ion trap instruments have led to the generation of [M 
H]·2 radical cationic peptides through one-electron
transfer [21]. Fragmentation of doubly charged [M 
H]·2 radical cations generates similar product ions to
those prepared through hot electron capture dissocia-
tion (HECD) [8, 22]. The dissociation of [M  H]·2
species is similar to that of the corresponding peptide
radical cations (M·), but it is significantly different
from those of the corresponding even-electron proton-
ated peptide ions [M  H] and [M  2H]2. The latter
systems fragment predominantly through amide bond
cleavage to form y and b ions, whereas the peptide
radical cations fragment through cleavage of NOC
bonds to form c and z product ions and side-chain
cleavage to generate w product ions. Isomeric isoleu-
cine and leucine residues can be distinguished by
observing the mass differences between the [zn  H]
·
and wn
 ions (having the same residue number, n) of
the Xle residues.
The significance of this CID methodology extends to
the possibility of synthesizing hydrogen-deficient radi-
cal anionic peptides, [M 2H]·. The ability to produce
odd-electron radical cationic M· and [M  H]· and
anionic [M  2H]· peptides would allow us to explore
how the nature of the charge-carrying group of these
radical peptides—molecular cations and hydrogen-
deficient cations and anions—affects the nature of their
competitive dissociation pathways. This challenge has
provided the impetus to obtain a better understanding
of how the roles played by the hydrogen atom and
radical sites govern the mechanisms of radical peptide
fragmentation. In this study, we extended our investi-
gations toward the synthesis of novel anionic radical
peptides by using a similar methodology incorporating
one-electron transfer. We have conducted the first study
into the generation and identification of a series of
angiotensin III derivatives of the hydrogen-deficient
radical anions of the type [M 2H]· that differ only by
one residue.
Experimental
Mass Spectrometry
All mass spectrometry experiments were conducted
using a quadrupole ion trap mass spectrometer (Finni-
gan LCQ, ThermoFinnigan, San Jose, CA). Samples
typically comprised 600 M Mn(III) complex and 50
M peptide in a water/methanol (50:50) solution. Sat-urated ammonium acetate (0.5 L) was added to the
samples (500 L). These samples were infused contin-
uously at a typical rate of 5 L/min into the pneumat-
ically assisted electrospray probe using air as the neb-
ulizer gas. CID spectra of [MnIII(L)(M  2H)]·
complexes were acquired using helium as the colli-
sion gas. The injection and activation times for CID in
the ion trap were 200 and 30 ms, respectively, and the
amplitude of the excitation was optimized for each
experiment.
Materials
All chemicals were obtained commercially (Aldrich and
Sigma, St. Louis, MO). Angiotensin III derivatives were
synthesized according to literature procedures [23].
N,N=-Ethylenebis(salicylideneiminato) (salen) and its
substituted derivatives possessing different steric and
electronic properties, including N,N=-bis(5-tert-butylsali-
cylidene)-o-ethylenediamine [5,5=-(tBu)2-salen], N,N=-
bis(5-nitrosalicylidene)-o-ethylenediamine [5,5=-(NO2)2-
salen], N,N=-bis(salicylidene)-o-cyclohexyldiamine (sal-
chda), N,N=-bis(salicylidene)naphthylene-2,3-diamine
(dsn), N,N=-bis(salicylidene)-o-phenyldiamine (salo-
phen), N,N=-bis(3-tert-butylsalicylidene)-o-ethylenedia-
mine [3,3=-(tBu)2-salen], and N,N=-bis(3-nitrosalicyli-
dene)-o-ethylenediamine [3,3=-(NO2)2-salen] (Table 1),
were prepared using literature procedures [24]. Stan-
dard procedures for the synthesis of the trivalent metal–
salen complexes [MnIII(salen)]Cl, [MnIII{5,5=-(NO2)2-
salen}]PF6, [Mn
III{5,5=-(tBu)2-salen}]OAc, [MnIII{3,3=-(NO2)2-
salen}]PF6, [Mn
III{3,3=-(tBu)2-salen}]PF6, [MnIII(salchda)]Cl,
[MnIII(salophen)]OAc, and [MnIII(dsn)]OAc have been de-
scribed previously [25].
Results and Discussion
Formation and Dissociation of [M  2H]·
Figure 1 displays the negative-mode electrospray ioniza-
tion (ESI) full-scan mass spectrum of a mixture of [MnII-
I(salen)]Cl (Table 1, 1) and angiotensin III-Leu
(RVYVHPL). The major peaks were those of the deproto-
nated M ions [MH] (881.4 Th) and the singly charged
Mn(III) complex ions [MnIII(salen)(M 2H)]· (1201.4 Th);
the single charge of the latter ions was readily determined
from the isotopic distribution of their peaks (see the inset
to Figure 1). The formation of multiply charged transition-
metal complexes in the gas phase is generally a challenge,
especially when they possess multiply charged anions,
because of the propensity for charge separation (Coulom-
bic explosion) to occur [26]. Electron-transfer from the
deprotonated peptide to the metal complex may not
always be more favorable than other competitive reac-
tions. Thus, the auxiliary ligand should be chosen as one
that binds strongly to the metal center, otherwise it will be
displaced through a proton abstraction pathway [27–31].
The strategywe used in this studywas similar to that used
for the formation of M· and [M  H]·2 ions from
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1252 LAM AND CHU J Am Soc Mass Spectrom 2006, 17, 1249–1257copper(II) or transition-metal(III) complexes [27, 32]. An-
ionic salen ligands chelated to tricationic transition-metal
complexes (namely, those of Cr, Mn, Fe, or Co) were good
candidates for our initial investigations, partly because
both the monoanionic parent of the [metal(III)(salen)(pep-
tide  2H)]· complex and the product [peptide  2H]·
are observable through CID experiments performed in the
negative-ion mode (cf. [CuII(salen)(M  2H)], which is
present in neutral form) and partly because various tran-
sition-metal(III)–salen complexes have been demonstrated
by O’Hair et al. to generate abundant transient radical
cationic hexapeptides of leucine encephalin derivatives
[32]. Because Mn has the highest third-ionization potential
among the elements Cr, Mn, Fe, and Co (31.0, 33.7, 30.5,
and 33.5 eV, respectively) [33] and because the Mn(III)–
salen complex is the most effective among these four
metals in facilitating the generation of radical cationic
peptides [32], we believed that the [Mn III(salen)]· com-
plex 1 (Table 1) also would be a good candidate for
generating [M   2H]·  ions. Figure 2 provides a low-
energy CID spectrum of [MnIII(salen)(M  2H)]· ions. It
is apparent that proton transfer from the Mn(III)–peptide
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Figure 1. Full-scan spectrum of [MnIII(salen)(M
the spectrum is presented in the inset.
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Figure 2. CID Spectrum with 1.5–2.5 Th isolation window of
[MnIII(salen)(M  2H)]·, where M  RVYVHPL. The amplitude
of the resonance excitation RF voltage was 1.20 eV. A detailed
view of the spectrum of [M  2H]· is presented in the inset.complex to the peptide (Table 1, Reaction b) was predom-
inant, generating the most abundant peak for [MH] at
881.5 Th. It is important to note that we observe the first
example of a novel anionic radical [M 2H]· at 880.5 Th
(inset of Figure 2), albeit in low abundance, formed
through a one-electron transfer reaction (Table 1, Reaction
a) by homolytic cleavage of the Mn(III)Opeptide bond.
Dissociation and Characterization of [M  2H]·
To the best of our knowledge, no experimental studies
have been reported so far describing the formation and
characterization of anionic radical peptides [M  2H]·
through the use of low-energy CID. Dissociation of the [M
 2H]· radical anion of angiotensin III-Leu (RVYVHPL)
leads to a number of abundant fragment ions (Figure 3a),
including those arising from facile side-chain cleavages of
the tyrosine, arginine, and leucine residues [p-quinome-
thide {CH2  C6H4  O, 106 Da}, N-allylguanidine {CH2
 CHCH2NHCNH(NH2), 99 Da}, and 2-methylpropene
{CH2  C(CH3)2, 56 Da}, respectively], C–C side-chain
cleavages of the leucine and arginine residues [ethyl
radical {CH(CH3)2
· , 43 Da} and N-ethylguanidine radical
{CH2CH2NHCNH(NH2)
·, 86 Da}, respectively], NOC
bond cleavages of the peptide backbone to produce [zn 
H]· and [znH]
· ions, and minor fragment ions arising
from the cleavages of COC bonds to generate [xnH]
·
ions. Conversely, some common fragments of deproto-
nated peptides, e.g., bn
, cn
, and yn
 ions, are notably
absent [34, 35]. Dissociation of the odd-electron peptide
radical anions is significantly different from those of the
corresponding even-electron [M  H] species, as indi-
cated in the inset of Figure 3a. Parenthetically, the
electron detachment dissociation (EDD) of deproto-
nated radical anionic peptides has been demonstrated
to promote unique peptide cleavages of COC bonds to
form predominantly x and a· product ions, which are
800 1000 1200 1400
/z
881.4
1147.7
995.3
940.9 1201.4
[M
n
III(L)(M
-2H
)]
•-
[M-H]-
1207
)]·, where M RVYVHPL. A detailed view ofm
1205
3
03.3
1204.3
 2Hquite distinct product ions than those formed from
ctrum
1253J Am Soc Mass Spectrom 2006, 17, 1249–1257 FORMATION OF ANIONIC PEPTIDE RADICALS IN VACUO[M  2H]· ions though the CID of [MnIII(salen)(M 
2H)]·  complexes [10, 36]. We verified the fragmen-
tation patterns of the radical anionic peptides by
recording the CID spectra of a series of angiotensin III
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Figure 3. CID Spectra with unit resolution of [
 RVYVHPF, and (c) M  RAYVHPL. The amp
1.30, 1.37, and 1.26 eV, respectively. The MS2 spederivatives that differ only by the nature of their N-or C-terminal amino acid residue. By substituting
leucine with phenylalanine at the C-terminus of an-
giotensin III-Leu, we reconfirmed the assignments of
the C-terminal fragment ions ([xn  H]
·, [zn  H]
·,
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and phenylalanine residues. The fragmentation pat-
tern in the product ion spectrum of the RVYVHPF
radical anion displayed in Figure 3b is virtually
identical to that in Figure 3a. Similarly, we confirmed
the N-terminal fragment ions (i.e., an
 and [bn 
H]·) from the product ion spectrum of the angioten-
sin III-Leu (RVYVHPL) derivative after deliberately
changing the second amino acid residue from valine
to alanine (Figure 3c). As expected, the prominent
C-terminal z-type ions retained their mass-to-charge
ratios for their unsubstituted moieties (e.g., for [z4 
H]· and [z5  H]
· species), but display mass
increases of m/z 28 (e.g., for [z6  H]
·) for alanyl-
containing fragment ions. The CID spectra in Figure
3a– c reveal similar types of ions, a number of which,
e.g., the [xn  H]
·, [zn  H]
·, and [zn  H]
·–, are not
commonly observed after either the EDD [10, 36] or
electron transfer dissociation (ETD) of deprotonated
radical anionic peptides [37].
Ligand Effects on the Formation of [M  2H]·:
Electronic Effects of Substituents at the 5 and 5=
Positions
We extended our systematic studies to examine how the
metal complexes and, particularly, the auxiliary ligands
affect the various competitive dissociation pathways in
an effort to achieve the efficient formation of radical
anionic peptides. To determine some of the fundamen-
tal parameters that govern the formation of radical
anionic peptides, we examined the effects of various
ligands (Table 1) that exhibit different steric and elec-
tronic properties. As an illustration, the CID spectrum
(see inset a of Figure 4) of the [MnIII{5,5=-(NO2)2-
salen}(M  2H)]· complex 2 (where M  RIYVHPL),
whose ligand possesses electron-withdrawing NO2
groups, displays product ions that are distinct from
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Figure 4. CID Spectrum with unit resolution o
RIYVHPL. The amplitude of the resonance excit
[M  2H]· species obtained from the (a) [MnI
(tBu)2-salen}(M  2H)]
· systems are presentedthose of the corresponding [MnIII(salen)(M  2H)]·complex; i.e., in this case the [M 2H]· ions dominate.
In contrast, the [MnIII{5,5=-(tBu)2-salen}(M  2H)]·
complex 3 with its electron-donating tBu groups
exhibited moderated homolytic cleavage of the
metalOpeptide bond, such that peptide fragmenta-
tion occurred more readily to result in [M  H]
species as the most prominent ions (see inset b of
Figure 4). These trends regarding the electronic and
steric effects during the formation of [M  2H]·
species are in accordance with the results described
by O’Hair et al. for the enhanced generation of radical
cationic hexapeptides [32].
Ligand Effects on the Formation of [M  2H]·:
Steric Effects of Substituents at the 3 and 3=
Positions
In previous studies, we have demonstrated that a wide
variety of peptide radical cations (M·) can be produced
after altering the structure of the auxiliary ligand on the
copper atom [38, 39]. In particular, the degree of steric
hindrance or steric constraint about the auxiliary li-
gands is a major factor that determines whether the
electron-transfer pathway predominates. In contrast,
for the generation of peptide radical anions, our present
CID spectra obtained when using the sterically encum-
bered ligand 3,3=-(tBu)2-salen in complex 4 are essen-
tially the same as those recorded when the ligand was
salen or withdrawing substituents on 3,3=-(NO2)2-salen
(complex 5); i.e., bulky (Figure 5b) or electron with-
drawing (Figure 5a) substituent groups do not appear
to exert any major influence. The enhanced degree of
radical formation from Cu(II) complexes involving con-
strained macrocyclic ligands has been ascribed to the
small geometrical change between the reduced and
oxidized states rendering electron transfer [40 – 42]. The
effect of the bulky groups at 3 and 3= positions of the
Mn(III)–salen complexes is somewhat different from
1000 1200
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latter a distorted trigonal bipyramidal five-coordinate
geometry. Mn(II)–salen complexes typically possess
square-planar geometries, with two weakly bonded
coordination sites. Thus, the ability of an auxiliary
ligand in a Mn(III)–salen complex to adopt a “reduced
state”-like square-planar structure may facilitate elec-
tron transfer. Crystal structures of Mn(III)–salen com-
plexes have demonstrated that salen ligands twist
slightly when binding to manganese ions with their
tert-butyl groups arranged in equatorial conformation
with respect to the ligand, rendering the two unoccu-
pied axial sites available for the peptide to interact
freely with the Mn(III) ion [43, 44]. Thus, the bulky tBu
groups located at the 3 and 3= positions may not
sufficiently hinder the coordination geometry of the
[MnIII(L)(M  2H)]· complex when it adopts the
reduced form [MnII(L)]· and, thereby, it does not lead to
the efficient formation of [M  2H]· species.
Ligand Effects on the Formation of [M  2H]·:
Effect of Steric Constraint of Substituents at the 8
and 8= Positions
An additional intriguing question is whether changes in
the coordination geometry of the complex would en-
hance the formation of anionic radical peptides [M 
2H]· from Mn(III)–salen complexes. We examined the
effects that sterically constrained auxiliary ligands have
on the electron-transfer reaction by comparing the ef-
fects of an auxiliary ligand having a flexible cyclohexyl
bridge at the 8 and 8= positions with those of analogous
ligands possessing more rigid phenyl and naphthyl
moieties. The [MnIII(salophen)(M  2H)]· complex (M
 RIYVHPL), which contains the N,N=-o-phenylenebis
(salicylideneiminato) ligand 6, successfully moderated
the degree of proton transfer such that electron transfer
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Figure 5. CID Spectrum with unit resolution o
RIYVHPL. The amplitude of the resonance excit
[M  2H]· species obtained from the (a) [MnI
(tBu)2-salen}(M  2H)]
· systems are presentedbecame more prominent. The CID of the [MnIII(salo-phen)(M  2H)]· complex (M  RIYVHPL) generated
comparable amounts of the [M  2H]· and [M  H]
fragment ions (see inset a of Figure 6). In contrast,
dissociation of the [MnIII(salchda)(M  2H)]· complex
(M  RIYVHPL), which contains the cyclohexyl-
containing ligand 7, produced only [M  H] ions (see
inset b of Figure 6) and no [M  2H]· species. More
significantly, the sterically more constrained N,N=-o-
naphthylenebis(salicylideneiminato) (dsn) complex 8
led to predominant radical anion formation (see inset c
of Figure 6), which, although not quite at the same
abundance as that provided by the 5,5=(NO2)2-salen
ligand, was a significant improvement over the effect of
the o-phenylenediamine-containing ligand. In addition
to their electronic effects, a simple interpretation of the
enhanced degree of [M  2H]· formation is that the
rigid confirmations of the salophen and dsn ligands
lead to their [MnIII(L)(M  2H)]· complexes adopting
more sterically constrained square-planar geometries;
as a result, the relatively preorganized structures of the
reduced [MnII(L)]· species facilitates the electron trans-
fer (Table 1, Reaction a) [45, 46]. This observation is in
accordance with the recent results obtained using steri-
cally constrained auxiliary macrocyclic ligands within
copper(II) complex ions, which also facilitate the forma-
tion of radical cationic tripeptides [31, 38, 39]. The
enhanced degree of radical formation resulting from the
use of sterically constrained ligands bears similarity to
the classical example of the entatic state of ligated
copper(II) ions in metalloproteins, in which constrained
ligated copper(II) complexes facilitate electron transfer
by maintaining similar geometries in both their reduced
and oxidized states [40 – 42].
Conclusion
In this paper, we provide the first unequivocal demon-
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RF voltage was 2.00 eV. Detailed spectra of the
=-(NO2)2-salen}(M  2H)]· and (b) [MnIII{3,3=-
sets.m/
89
[M
f [M
ation
II{3,3stration of the generation of anionic radical peptides [M
s ins
1256 LAM AND CHU J Am Soc Mass Spectrom 2006, 17, 1249–1257 2H]· in the gas phase through the low-energy CID of
[MnIII(salen)(M  2H)]· complex ions. Fragmentation
of [M  2H]· species led to through side-chain cleav-
age and the formation of sequence-specific fragment
ions, z-type predominantly and x-type to some extent,
that are distinct from those obtained from their even-
electron deprotonated counterparts [M  H]. We also
examined the effects that the structures of the ligands
have on the competitive dissociations occurring
through electron and proton transfer reactions; we
found that the formation of radical anionic angiotensin
III was enhanced after substituting the auxiliary salen
derivatives with electron withdrawing substituents at
the 5 and 5= positions or with sterically rigid substitu-
ents at the 8 and 8= positions. Our experimental findings
strongly suggest that CID methodology is applicable to
the production of not only cationic radical peptides (i.e.,
M· and [M  H]·2) but also novel anionic radical
peptides. In further investigations into these radical
peptides (M·, [M  2H]·, and [M  H]·2), we will
examine how the charge-carrying group of the radical
peptide affects the mechanism of radical peptide
fragmentation.
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